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lated	 to	anthropogenic	changes	 to	vegetation,	which	was	confirmed	during	 field	
survey.
4.	 Synthesis and applications.	Our	approach	allows	vector	control	managers	to	identify	
sites	predicted	to	have	relatively	high	tsetse	abundance,	and	therefore	to	design	
and	implement	improved	surveillance	strategies.	In	East	and	Southern	Africa,	trypa-
nosomiasis	 is	 associated	with	wilderness	 areas.	Our	 study	 identified	 pockets	 of	
vegetation	 which	 could	 sustain	 tsetse	 populations	 in	 farming	 areas	 outside	 the	







Torr,	 &	 Lord,	 2016;	Hassell,	 Begon,	Ward,	 &	 Fèvre,	 2016).	 In	 these	
areas,	Trypanosoma brucei rhodesiense—the	causative	agent	of	r-	HAT—
circulates	in	wildlife	and	livestock,	alongside	the	trypanosome	species	
which	 cause	 animal	African	 trypanosomiasis	 (AAT).	A	 better	 under-
standing	 of	 trypanosome	 transmission	 dynamics	 and	 approaches	 to	
improve	 control	 are	 current	 priorities	 for	 these	 regions	 (Auty	 et	al.,	
2016;	Diall	et	al.,	2017).











in	 interface	areas	to	reduce	human	and	 livestock	exposure.	 In	order	






local-	scale	 and	 contemporary	 knowledge	 of	 tsetse	 distribution	 and	
abundance	is	lacking.
Extensive	grid-	based	sampling	of	 tsetse	using	 traps	 to	estimate	
abundance	coupled	with	vegetation	mapping	using	remotely-	sensed	
data	 has	 previously	 been	 applied	 to	 inform	 tsetse	 control	 (Albert	







Remotely-	sensed	 data	 can	 be	 included	 in	 geostatistical	 models	
to	identify	areas	where	vegetation	may	be	suitable	for	tsetse	(Albert	
et	al.,	2015;	Bouyer	et	al.,	2010;	Dicko	et	al.,	2014;	Ducheyne	et	al.,	
2009;	 Kitron	 et	al.,	 1996;	 Mweempwa	 et	al.,	 2015).	 However,	 few	
studies	 have	 linked	 tsetse	 abundance,	 habitat	 and	 remotely-	sensed	






In	 regions	 >10	km	 inside	 protected	 areas,	 the	 drivers	 of	 tsetse	
population dynamics are limited to be natural variation in vegetation 









We	 quantified	mean	 daily	 numbers	 of	 tsetse	 caught	 in	 traps	 as	
a	function	of	vegetation	type,	for	areas	>10	km	inside	the	Serengeti	





2  | MATERIALS AND METHODS
2.1 | Study area
The	protected	areas	in	the	study,	comprising	approximately	3,000	km2 
(Figure	1)	 support	 a	 gradient	 of	 habitats	 from	 dense	 woodland	 to	
grassland	(Reed,	Anderson,	Dempewolf,	Metzger,	&	Serneels,	2009).	





cation	 to	 tsetse,	 but	 the	 approach	 could	 also	be	developed	 for	 vectors	 of	 other	
pathogens.
K E Y W O R D S
disease,	geostatistical	models,	Glossina,	pathogens,	protected	areas,	remote-sensing,	surveillance,	
trypanosomiasis,	tsetse,	vector	control
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Radeloff,	&	Shugart,	2012).	The	northern	region	of	Tanzania,	including	
the	SNP,	has	been	known	as	an	r-	HAT	focus	since	the	1920s	(Davey,	
1924;	 Swynnerton,	 1923).	More	 recently,	 human	 infective	T. brucei 
rhodesiense	 has	 been	 identified	 by	PCR	 in	 cattle	 and	wildlife	 in	 the	
study	 area	 (Auty,	 2009;	 Kaare	 et	al.,	 2007).	 Although	 r-	HAT	 cases	
in	residents	are	 likely	underreported	 (Odiit	et	al.,	2005),	30	cases	 in	
travellers	to	the	region	were	reported	between	1990	and	2007	(Auty,	
2009).	The	SNP	supports	three	species	of	tsetse:	Glossina swynnertoni,	










were	 sampled	 using	 Nzi	 traps	 (Mihok,	 2002)	 baited	with	 a	 blend	
of	 acetone	 (100	mg/hr),	 1-	octen-	3-	ol	 (0.5	mg/hr),	 4-	methylphenol	
(1	mg/hr)	 and	 3-	n-	propylphenol	 (0.1	mg/hr;	 Torr,	 Hall,	 Phelps,	 &	




per trap per day.
In	February	2010,	traps	were	deployed	in	each	of	four	vegetation	
types,	categorised,	using	an	existing	vegetation	map	(Hopcraft,	2008)	
and	 ground-	truthing,	 as	 grassland	 (<2%	 tree	 cover),	 savanna	 (2%–
20%	 tree	 cover),	 open	woodland	 (20%–50%	 tree	 cover)	 and	 dense	
woodland	 (50%–100%	tree	cover).	Traps	were	deployed	along	three	




woodland	 or	 100	m	 apart	 in	 grassland/savanna,	 because	 traps	 are	
more visible to tsetse in open areas.
In	February	2015,	four	transects	of	Nzi	traps	were	set	from	5	km	
inside,	up	to	10	km	outside	the	protected	area	boundary	(Figure	1).	
Transects	 were	 selected	 based	 on	 their	 accessibility	 from	 roads.	
Along	each	 transect,	we	 set	pairs	of	odour-	baited	Nzi	 traps	 at	 ap-
proximately	 1.5-	km	 intervals	 irrespective	 of	 vegetation	 type.	 The	
Euclidean	distance	of	 traps	 from	 the	protected	area	boundary	was	
estimated.
We	assume	that	our	trapping	did	not	affect	the	tsetse	population.	
An	 odour-	baited	 insecticide-	treated	 target,	 which	 will	 catch	 similar	






Numbers	 of	G. pallidipes	 caught	 in	 traps	 have	 previously	 correlated	
inversely	 with	 Landsat	 shortwave	 infrared	 values—an	 indicator	 of	
moisture	(Barsi,	Lee,	Kvaran,	Markham,	&	Pedelty,	2014;	Kitron	et	al.,	
1996).	Normalized	Difference	Vegetation	Index	(NDVI)	values	above	
0.39	 have	 previously	 been	 used	 as	 an	 indicator	 of	 vegetation	 suit-
able	 for	 tsetse	 (Lin,	DeVisser,	&	Messina,	 2015;	Moore	&	Messina,	
2010),	 based	 on	 the	 observation	 that	 mortality	 rates	 decrease	 as	
NDVI	 increases	 (Rogers	&	Randolph,	1991).	The	NDVI	 is	a	measure	
of	the	density	of	plant	matter—using	the	near-	infrared	and	visible	red	
wavelengths.	We	also	 included	elevation	and	 land	surface	tempera-




as	 previously	 described	 (Sobrino,	 Jiménez-	Muñoz,	 &	 Paolini,	 2004).	
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2.4 | Data analysis
Only	 56	 G. brevipalpis	 were	 caught	 throughout	 our	 studies	 and	
numbers	were	 too	 low	 for	 analysis.	Glossina pallidipes and G. sw-
ynnertoni	count	data	were	overdispersed.	To	compensate	for	this,	
daily	 catches	 (y)	 from	 3	days	 for	 each	 trap	 were	 transformed	 to	




vegetation	 types.	To	determine	 the	significance	of	 the	difference	 in	
log-	transformed	 abundance	 observed	 between	 vegetation	 types	
for	 each	 species,	 we	 used	 ANOVA	 followed	 by	 the	 Tukey	 Honest	
Significant	Difference	 test	 (Tukey	HSD).	We	 then	 fitted	 a	 Bayesian	








Allowing	 for	 savanna	 tsetse	 daily	 dispersal	 rates	 (Hargrove,	




the	environmental	variables	 and	 the	 trap	data.	 Separate	 linear	 re-
gression	models	were	 first	 fitted	using	each	of	 the	 four	 individual	
environmental	variables.	Model	fits,	 initially	without	a	spatially	ex-
plicit	error	term,	to	the	G. pallidipes and G. swynnertoni	data,	were	
compared	using	the	negative	of	the	sum	of	the	log	conditional	pre-
dictive	 ordinates	 (log-	CPO	 score;	 Held,	 Schrödle,	 &	 Rue,	 2010).	
Conditional	 predictive	 ordinates	 indicate	 the	 ability	 of	 a	 model	
to	predict	 the	value	of	a	data	point	omitted	 from	 the	 fitting	 step.	
Starting	with	the	univariate	model	with	the	 lowest	 log-	CPO	score,	








2015	transects	across	 the	 interface.	We	then	compared	 the	 fit,	 to	
the	2010	data,	of	a	geostatistical	model	 including	a	spatially	struc-






geostatistical	 model	 predictions	 for	 new	 locations	 sampled	 during	
2015	across	the	interface	were	then	compared	with	log10(y	+	1)	trans-
formed	 observed	 values	 and	 residuals	 between	 predicted	 and	 ob-
served counts calculated.
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3  | RESULTS
3.1 | Tsetse abundance >10 km inside the SNP
During	2010	surveys	>10	km	inside	the	SNP,	mean	numbers	of	G. pal-
lidipes	per	 trap	per	day	were	123	 (±24)	 in	open	woodland,	and	166	
(±17)	in	dense	woodland	(Figure	2a).	This	was	c.	30	times	greater	than	
that	observed	 in	grassland	habitat	 and	 six	 times	greater	 than	 in	 sa-
vanna	habitat	(Figure	2a).	The	mean	number	of	G. swynnertoni	caught	
per	 trap	 per	 day	 was	 more	 homogenous	 across	 vegetation	 types	
(Figure	2b).
For	 G. pallidipes,	 the	 model,	 using	 remotely-	sensed	 data,	 with	
the	 lowest	 log-	CPO	 score	 included	 all	 the	 environmental	 variables	
(Table	1).	 Although	 the	 distribution	 of	G. swynnertoni	 appeared	 ho-
mogenous	 between	 habitat	 types	 (Figure	2b),	 the	 model	 including	
NDVI,	elevation	and	Band	7	had	better	predictive	ability	 than	other	




Models	 including	 a	 spatially	 structured	 error	 term	 provided	
better	 fits	 to	 the	data	 for	both	G. pallidipes	 (log-	CPO	score	25.5)	


















In	addition,	 to	the	north	of	 Ikorongo	Game	Reserve,	 there	was	a	clear	




dicted	values	of	>100	(Figure	3a).	Glossina swynnertoni was also predicted 
to	be	present	with	abundance	>100	in	the	unprotected	areas	along	the	
SNP	transect	(Figures	1	and	4a).
3.2 | Tsetse abundance at the interface between 
protected and unprotected areas













indicate better predictive ability
Remotely- sensed environmental variables 





























Intercept 12.42 5.180 0.674 12.90 21.34
NDVI −7.633 4.147 −14.78 −8.023 1.605
Elevation −0.003 0.002 −0.007 −0.003 0.002
Band	7 −43.10 10.97 −62.87 −43.79 −19.41
LST 0.074 0.096 −0.124 0.076 0.259
Range 3,323 1,814 1,118 2,900 7,985
Glossina swynnertoni
Intercept 13.09 3.035 6.862 13.15 18.98
NDVI −10.30 2.723 −15.63 −10.33 −4.793
Elevation −0.003 0.002 −0.006 −0.004 −0.0004
Band	7 −17.65 6.718 −30.78 −17.71 −4.144
Range 2,477 1,199 951 2,214 5,531
NDVI,	Normalized	Difference	Vegetation	Index;	Band	7,	Landsat	8	Band	7;	
LST,	land	surface	temperature.


















indicating greater model uncertainty in 
predicted	values.	See	Figure	1	for	details	on	
locations	of	protected	areas
F IGURE  4 Predictive	map	of	Glossina 






indicating greater model uncertainty in 
predicted	values.	See	Figure	1	for	details	on	
locations	of	protected	areas
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Similar	 declines	 in	G. morsitans	 have	 been	 noted	 in	 Zambia	 and	
Malawi	 (Ducheyne	 et	al.,	 2009;	 Gondwe	 et	al.,	 2009;	 Mweempwa	
et	al.,	 2015).	Our	 results	 indicate	 that	 loss	of	woody	vegetation	 ex-
plains,	in	part,	such	a	decline	in	northern	Serengeti,	Tanzania.	However,	
our	models	 highlight	 there	may	 be	 regions	 outside	 protected	 areas	
where	vegetation	is	still	sufficient	to	support	tsetse	populations.	Our	
approach	 could	 be	 used	 to	 assist	 in	 identifying	 these	 remaining	 re-
gions	on	a	 local	scale,	so	that	control	or	monitoring	can	be	targeted	
effectively.
In	our	study,	sites	near	the	boundary	where	G. pallidipes abundance 
was	on	average	>50	per	trap	per	day	were	all	associated	with	riparian	
woody	 vegetation.	 Rivers	 running	 from	 inside	 to	 outside	 protected	
areas	may	be	where	 this	 species	 could	 encounter	 humans	 and	 live-





density	 of	G. swynnertoni	 being	 similar	 between	 habitat	 types,	 or	
it	 may	 be	 due	 to	 trap	 bias.	 Indeed,	 odour-	baited	 stationary	 traps	
are	 biased	 towards	 host-	seeking	 flies	 (Hargrove	 &	 Packer,	 1993).	
However,	the	degree	of	bias	is	likely	different	for	G. pallidipes com-
pared	with	G. swynnertoni. Glossina pallidipes is more available to 
stationary	hosts	and	odour-	baited	 traps	 than	G. morsitans	 and	 the	
latter is more attracted to mobile visual baits relative to stationary 
ones	 (Vale,	1974).	The	resting	sites	of	both	species	are	associated	
with	woody	vegetation	(Chadwick,	1963;	Pilson	&	Leggate,	1962).	If	
the	majority	of	G. swynnertoni and G. pallidipes rest in woody vege-


















predicted tsetse to be present in numbers >100 in some unprotected 
areas.	The	presence	of	suitable	vegetation	at	these	locations	was	con-
firmed	by	 field	observations.	Even	 in	 these	 regions,	 abundance	was	
usually	<10	at	distances	1	km	from	the	boundary,	and	catches	were	
zero	at	>5	km	from	the	boundary.


























on	 Control	 and	 Surveillance	 of	 Human	 African	 Trypanosomiasis,	
2013;	World	Health	Organization	Global	Malaria	Programme,	2007).	
Local	spatial	variation	in	vector	population	dynamics	influences	the	






is	however	difficult	due	 to	 logistics,	 limited	 resources	and	costs	of	
intensive	 sampling	 (Alimi	 et	al.,	 2015).	The	ability	 to	 correlate	vec-
tor	 abundance	 with	 remotely-	sensed	 data	 can	 help	 direct	 limited	
resources	 (Kalluri	 et	al.,	 2007).	 However,	 the	 majority	 use	 spatial	
interpolation—predictions	made	within	 the	 same	 area	 as	 the	mea-




We	 used	 contemporary	 open-	source	 remote-	sensing	 data.	 Our	
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The	 resulting	 models	 will	 help	 managers	 of	 vector	 control	 pro-
grammes	 to	 select	 sites,	 predicted	 to	 have	 relatively	 high	 vector	
abundance,	for	surveillance	prior	to	targeting	control	efforts.	This	will	
reduce	the	chances	that	suitable	sites	are	missed.	Models	should	then	
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